Abstract: This study aimed to determine the influence of metal conditioners on the polymerization behavior of bonding agents. Bonding agents of two-step self-etching primer systems and metal conditioners for adhesion of dental metal alloys were used. Double bond conversion was determined by Fourier transformation infrared spectroscopy. The percentage of residual double bonds, including pendant and monomeric double bonds, was calculated by comparing the obtained ratio with that of the uncured bonding agent. The degree of conversion of the bonding agents was obtained by subtracting the remaining double bonds from 100%. ANOVA followed by a Tukey HDS test was performed. Degree of conversion of the bonding agents ranged from 86.0 to 87.8%. When the bonding agents were mixed with metal conditioners or solvents of the metal conditioners, double bond conversion of the bonding agents tended to decrease. Within the limitations of this study, which was far removed from clinical situations, the presence of metal conditioners and remaining solvents had adverse effects on the polymerization reaction of bonding agents. Clinicians should be cognizant of the various factors that can influence bond strength of restorative resins to dentin. (J. Oral Sci. 47, [171][172][173][174][175] 2005) 
Introduction
The two-step self-etching primer system is one of the bonding systems developed to simplify and shorten bonding procedures by combining the dentin conditioning and priming steps (1, 2) . Self-etching primers are applied to tooth surfaces prior to bonding agent application to ensure maximum adhesion by improving monomer penetration into hydrophilic dentin, and to improve wettability of the tooth surface for the bonding agent. The primed dentin surface is air dried after application of the self-etching primer because the primer contains solvents such as water, ethanol and acetone (3, 4) . After infiltration of the resin monomers into the partially demineralized dentin, subsequent polymerization of resin monomers is required to create a stable bond. If the polymerization of these monomers is not complete, hydrophilic monomers or small oligomers may be extracted or hydrolyzed by nanoleakage (5) .
For minimal intervention dentistry, it is desirable for treatments to include a noninvasive technique and restoration of the affected area, rather than replacement of the fixed prosthesis (6, 7) . Localized repair with resin composites might be a suitable procedure for increasing the longevity of the restored teeth. Once infected dentin is removed, no further removal of the sound tooth is required if appropriate bonding is used (8 Original margin requires that both adherend surfaces undergo different surface treatment. In the clinical situation, the question arises as to whether contamination of the tooth substrate by the metal conditioner, including adhesive monomers and solvents, influences the dentin bond strength of resin composites. In a previous study examining the influence of metal conditioner application on bond strength of self-etching primer systems (9), dentin bond strength tended to decrease with metal conditioner application compared to controls without metal conditioner application. One of the reasons for this reduction in bond strength might be changes in the pH value and molecular conformation of the self-etching primers due to the presence of the metal conditioners. Another explanation for decreasing bond strength might be related to the reduction in mechanical properties of cured bonding agents by the presence of solvents like acetone and ethanol, but further research is required. The purpose of this study was thus to determine the influence of metal conditioner addition on polymerization behavior of bonding agents.
Materials and Methods
Bonding agents of the self-etching primer systems Clearfil Mega Bond (CB; Kuraray Medical, Tokyo, Japan), Imperva Fluoro Bond (FB; Shofu, Kyoto, Japan), Mac Bond II (MB; Tokuyama Dental, Tokyo, Japan) and UniFil Bond (UB; GC, Tokyo, Japan) were used, as shown in Table 1 . A visible light curing unit, Optilux 501 (sds Kerr, Danbury, CT, USA), with a light intensity above 600 mW/cm 2 as measured with a dental radiometer (Model 100, sds Kerr) was used.
Four commercially available metal conditioners were chosen; Alloy Primer (Kuraray Medical), Metal Primer II (GC), Metaltite (Tokuyama Dental) and ML Primer (Shofu), as shown in Table 2 . The main components of the metal conditioners are also listed in Table 2 . To determine the influence of solvent addition on polymerization behavior, acetone (EWP0126, Wako Pure Chemical Industries, Tokyo, Japan), ethanol (EWM2559, Wako Pure Chemical Industries) and methyl methacrylate (DLQ1742, Wako Pure Chemical Industries) were used. Double bond conversion of the bonding agents was determined by Fourier transformation infrared spectroscopy (FTIR; 480 Plus, JASCO, Tokyo, Japan). Bonding agents were mixed with each metal conditioner or solvent at a ratio of 10:1. Mixed solutions or bonding agents (control) were placed in a Teflon ® mold (4 mm in diameter × 1 mm in height), the surface was covered with a cover glass and then exposed to light for 60 s. Cured specimens were pulverized into a fine powder, mixed with potassium bromide powder and compacted to form a specimen for IR spectroscopy. IR spectra were obtained from 30 scans over the 400 -4000cm -1 range at a resolution of 2 cm -1 . Measurement of residual double bonds was made on a relative basis by comparing the C=C unpolymerized methacrylate stretching vibration (1637 cm -1 ) to that of the C=O stretching vibration of the aromatic ring (1608 cm -1 ) for bonding agents containing Bis-GMA or to the C-H stretching vibration of the aliphatic group (2960 cm -1 ) for bonding agents containing UDMA. The C=O stretching mode at 1608 cm -1 and C-H stretching vibration at 2960 cm -1 were used as internal standards for Bis-GMA-based and UDMA-based bonding agents, respectively.
The intensities of individual bands were obtained from the peak areas by curve fitting software (Spectra manager, JASCO), which was designed to calculate a Lorentzian curve. In this way, the ratios of the two band areas were calculated at each measuring point and the percentage of double bond conversion was calculated by subtracting the percentage of remaining double bonds from 100%. It should be noted that the obtained percentages were based on the assumption of linearity in the ratios between uncured and cured states, and on the assumption that unreacted pendant methacrylate groups bound to the polymer network are not available for leaching as residual monomer. Five specimens for each combination were measured. Table 1 Bonding agents tested  Table 2 Metal conditioners used
Results were analyzed by calculating the mean and standard deviation for each group. Data for each specimen were subjected to ANOVA followed by Tukey HSD test at a significance level of 0.05. Statistical analysis was carried out using the Sigma Stat ® software system (SPSS, Chicago, IL, USA).
Results
The results for double bond conversion with various combinations of metal conditioners and bonding agents are shown in Table 3 . After 24 h storage in water, the DC of the bonding agents was 86.8% for CB, 86.2 for FB, 86.0% for MB and 87.8% for UB. When the metal conditioners were mixed with bonding agents, the double bond conversions of the bonding agents tended to decrease. With the metal conditioners, double bond conversion varied, ranging from 72.2 to 82.5% for CB, from 61.3 to 73.2% for FB, from 65.6 to 72.8 % for MB and from 64.2 to 67.5% for UB.
The results for double bond conversion with various combinations of solvents and bonding agents are shown in Table 4 . When the solvents were mixed with bonding agents, double bond conversion of the bonding agents tended to decrease. With the metal conditioners, double bond conversion varied, ranging from 78.1 to 80.8% for CB, from 73.8 to 82.0% for FB, from 76.9 to 81.3% for MB and from 74.5 to 80.7% for UB.
Discussion
To establish an authentic hybrid layer, bonding agent must be supplied to infiltrate the exposed collagen fibril network in the demineralized dentin and followed by polymerization (10) . Hypothetically, stronger resins lead to stronger dentin bonding (11) . The strength of cured bonding agent is dependent on many factors, such as composition, degree of conversion and length of polymer chain (12) . Unreacted resin monomer remaining in bonding agents may alter their mechanical properties. Thus, it is important to evaluate the polymerization characteristics of bonding agents.
Several approaches are employed to measure conversion in restorative resins; the majority of analytical studies have been performed using FTIR (13) (14) (15) (16) (17) . Measurement of double bond conversion is based on the measured decrease in intensity of the methacrylate C=C stretching mode absorption at 1637 cm -1 as the methacrylate monomer is converted to polymer. These procedures rely on the presence of a stable absorption band that does not change as a consequence of polymerization. In Bis-GMA based resins, the aromatic absorption at 1608 cm -1 served as an internal standard to normalize the monomer and polymer spectra. In UDMA-based resins, the C-H stretching mode absorption at 2960 cm -1 and C=O stretching absorption were used as internal standards. The positions of these peaks were not affected by the metal conditioners or solvents used in this study.
The double bond conversion in methacrylate groups depends on resin monomer composition (18) and concentration of polymerization initiators (19, 20) . Based on the results of this study, the double bond conversion of the bonding agent appears to depend on the metal conditioners mixed with them. Incorporation of metal conditioners interfered with polymerization of the bonding agents and reductions in double bond conversion were observed ( Table 3) .
One of the reasons for decreasing double bond conversion could be the incorporation of solvent from the metal conditioners into the bonding agent (Table 4 ). This would alter the polymerization of the resin monomers (21) . It has been reported that increases in the initial acetone content of bonding agents resulted in lower dentin bond strength (22) . It was speculated that higher acetone content in bonding agent leaves residual solvent, which would then lead to inferior mechanical properties. Similar trends may be observed with other solvents, such as ethanol or methyl methacrylate.
Another factor to consider is the polymerization reaction itself. The bonding agents used in this study are cured by Table 3 Influence of metal conditioners on double bond conversion (%) of bonding agents Table 4 Influence of solvent on double bond conversion (%) of bonding agents free radical polymerization and the photosensitizive initiator camphorquinone (CQ) (23, 24) . CQ requires a coinitiator for effective polymerization, and a tertiary amine photoreductant is employed. The tertiary amine interacts with the activated triplet state of CQ to form an intermediate excited complex, followed by production of reactive radicals for polymerization (25) . The decreased double bond conversion could be related to the functional monomers in the metal conditioners. A functional monomer of VTD is utilized with MDP monomer in the Alloy Primer. The mercapto groups in VTD react with noble metal alloys at the metal/resin cement interface (26) . An NMR study showed that VDT has a thione-type structure, which is considered to be chemically stable, in both the solid state and in acetone solution (27) . When VDT molecules come close to the Au surface, tautomerization occurs and chemically active mercapto groups interact with noble metal elements (28) . The Metal Primer II contains MEPS, an athiophosphate compound, to react with noble metal alloys (29) , while Metaltite contains MTU-6 monomer, which has a thiol structure similar to the thione structure in VDT monomer (29) . ML Primer contains a thiooctanate monomer (10-MDDT), which has a disulfide structure for bonding to noble metal alloys, and a phosphonoacetate monomer (6-MHPA) for bonding to base metal alloys.
Thiols have been employed as efficient chain transfer agents because of the weakness of the S-H bond and the higher reactivity of thiol radicals (29, 30) . Addition polymerization of resin monomers in the bonding agent might be terminated by the presence of thiol radicals, thus leading to decreased polymer chain length. Unreacted resin monomer remaining in bonding agents may alter their polymerization reactions. It has been suggested that the inclusion of reducing agents other than tertiary amines in bonding agents resulted in increased bond strength (31) . The bonding agent CB contains a sulphinic acid salt and this ingredient might act as a scavenger for oxygen to maintain DC, even after mixing with metal conditioner.
Other factors that affect residual double bonds in the bonding agent include elution of monomers into water during the storage period of the specimen (32) . The elution rate of components from composite resins is reportedly rapid during the initial period of solvent immersion, leading to substantial solutions. It is possible that the uncured monomers leach during storage in water, thus reducing the amount of uncured remaining double bonds.
Within the limitations of this in vitro study, which was far removed from clinical situations, double bond conversion of bonding agents tended to be deteriorated by the presence of metal conditioners. Further research will determine whether metal conditioner contamination leads to inferior clinical performance of self-etching primer restorative systems.
